Bias-flow liners (BFL) are used as part of the cooling mechanism in airplane turbines and they also enable the reduction of noise emission. The attenuating principle is based on the interaction between sound waves and air flow. This turbulent aeroacoustic interaction occurs on a microscopic level and under harsh conditions. Therefore, in order to investigate local aeroacoustic phenomena, the distribution of the local sound field impedance, defined as sound pressure over acoustic particle velocity, is measured non-invasively. This work focuses on the non-invasive measurement of the local sound pressure. A fast camera-based holographic measurement system for the two dimensional tomographic measurement of the local sound pressure with high spatial resolution is presented. It features a spatial resolution of 52 µm with a simultaneous acquisition of up to 1600 measuring points. This enables the observation of sub-mm aeroacoustic effects, which are expected in the near field over the BFL's surface, while reducing the measurement duration by three orders of magnitude compared to single point measurement systems. An experimental validation of the camera-based tomographic system is carried out by reference measurements. The system was applied at an acoustical model and an aeroacoustic model. The measured local sound pressure variations are discussed for both models. This work seeks to enable the non-invasive investigation of sound pressure, in order to further understand aeroacoustic effects, their sound attenuating properties and increase the attenuation capability of a BFL without degrading the overall performance of turbines.
I. INTRODUCTION
Noise emission due to airplane engines is the third most common source of noise in Europe [1] , [2] . Its negative impact on human health and the environment is of strong focus for health organizations and political groups [3] . In order to protect those interests, the noise emission due to turbine engines must be reduced at least 10 dB within the next 20 years [4] .
A solution to reduce noise caused by airplane engines is the so called liner, used as an acoustic damping element. Liners are perforated plates with a cavity behind it. The damping effect is based on an acoustically resonant effect similar to that of a Helmholtz resonator [5] . To increase the damping The associate editor coordinating the review of this manuscript and approving it for publication was Wuliang Yin . efficiency and frequency range an additional air flow, called Bias-flow, can be led into the cavity of the liner [6] - [8] . This can be carried out by using a Bias-flow liner (BFL). A schematic depiction of such liner is shown in figure 1 .
The inlet grazing flow and sound wave interact with the Bias-flow, thus attenuating the acoustic energy. This phenomenon is not yet fully understood and therefore has to be experimentally investigated, in order to give way for the development of more efficient BFLs. Consequently, to quantify the energy exchange capacity of an acoustical process the complex sound impedance
has to be determined. The complex sound pressure p and the wall normal component of the complex acoustic particle velocity v y must be measured in order to calculate Z . The measurement has to be performed non-invasively, in order to measure intrinsic values without distorting the aeroacoustic interaction. Complex turbulent behaviors are expected in the near field of the perforations, thus a three dimensional one component (3D1C) measurement of the normal wall vector component is required. In general, the dimensions of the effects depend on the geometry of the liner and frequency of the sound wave [9] , [10] . The liner geometry used in this work contains perforations not smaller than 1 mm. Effects in the sub-mm order of magnitude are expected, hence a spatial resolution within that range is necessary. Given that such turbulent aeroacoustic fields are not naturally stable over a long-term period of time, instant stochastic changes in terms of the sound and flow, as well as environmental changes, have to be taken into account. This can be ultimately countered with a high measurement rate, faster than the occurrence of turbulent effects. Given that work towards measuring v has already been conducted (see II-A), a focus on measuring p non-invasively with high spatio-temporal resolution has been set for this work.
II. STATE OF THE ART A. MEASURING THE ACOUSTIC PARTICLE VELOCITY v
A classic measurement technique to measure v are mechanical anemometric velocity sensors [11] . With this method, information regarding the velocity magnitude and one dimensional one component (1D1C) direction is gained by measuring the change in temperature. However, this measurement technology not only has a critical trade-off regarding its geometry and frequency response but it also will distort the sound field. A well established contacless measurement technique is based on laser doppler anemometry (LDA). For this method a laser beam is focused in the desired sound field, thus creating a point-like measurement volume. Light-scattering particles are inserted in the medium, which vibrate, depending on the excitation frequency, in the same order of magnitude as the particles of the medium itself [12] . The greatest drawback of this non-intrusive method is its point-measuring characteristic. Measurements over a ''large'' area (e.g. of at least one thousand times bigger than the measurement spot size) take a significant amount of time, thus decreasing the repeatability of the measurements. In order to cover a larger measurement area particle image velocimetry (PIV) [13] , [14] was introduced. With this method the scattered light from light-emitting particles is detected and the vector fields of the oscillating particles can be estimated. The depth information can not be accessed from a light sheet measurement alone, however the resolution of this method is diffraction-limited. Contactless three dimensional three component (3D3C) measurements for the estimation of v with sub-mm spatial resolution using frequency modulated Doppler global velocimetry (FM-DGV) and other principles have been already conducted [15] , [16] . These works have experimentally demonstrated local spatiotemporal variations of v in the sub-mm order of magnitude. To successfully calculate the intrinsic value of the sound impedance, the sound pressure field has to be measured noninvasively with high-spatial resolution.
B. MEASURING THE SOUND PRESSURE p
Classically, the measurement of the sound pressure is conducted by using microphones [17] . A sound field measurement set-up can be a single microphone or multiple microphones arranged in a matrix array. A sub-mm spatial resolution can be achieved by successively scanning the near field of the sound field with a single microphone or by beamforming using a microphone array [18] - [20] . However, both methods are invasive. Alternatively, a microphone set-up can be mounted non-invasively along boundary walls enclosing the sound field, reminiscing of a wall-mount set-up in a Kundt's tube [21] . They can be mounted both before and after the aeroacoustic interaction takes place. The transfer function between the sets of microphones can be determined based on the distance between the microphones themselves and the location of the aeroacoustic interaction within the chamber [22] , [23] . The limitations given by the geometric arrangement of the microphones and the global determination of the transfer function only enable low spatial resolution measurements, however.
In order to determine the local value of p less invasively, optical measurement systems have to be utilized. Using interferometric measurement techniques the variation of the sound pressure field is detectable by optically measuring the fluctuation of the local density produced by sound waves [24] . A current implementation of this principle is the membranefree microphone [25] - [27] . This technology is based on a Fabry-Perót interferometer mounted on a probe or in a fiber-optics set-up [28] . With this technology a scan field of ca. 2 × 11 mm with a spatial resolution of 5 µm and a sample rate up to 50 kHz was achieved [29] . With this method the scan field size can be adjusted according to the geometry of the probe. In order to scan over a larger area a point-to-point successive scan procedure in the near field is necessary. As a result, the measurement time increases significantly. To measure the local value of p fast and non-invasively in the near field with high spatial-resolution, the laser interferometric vibrometer (LIV) is utilized. First applications consist of a single laser beam that measures a line integral along the beam path [30] . However, to measure local effects a tomographic reconstruction is necessary [31] . Similar to the membrane-free microphones, the scan field size is adjustable, assuming that the angular aperture is equally adjustable. By using a single beam the measurement of p over a large area demands traversing over the whole scan area which increases the measurement time. To study instationary aeroacoustic fields a faster implementation of this method has to be used. With this goal, a high-speed camera-based LIV (CLIV) was set up, where each pixel of the camera enables a simultaneous line integral measurement.
III. THEORETICAL BACKGROUND AND METHODOLOGY
A light beam traveling through a sound pressure field experiences changes in its speed [24] . Consider a simple LIV setup, a plane wave sound source and a photodetector (as shown in figure 2 ).
The laser beam travels through a known constant distance L. Let the plane sound wave excite the medium in L, as shown in figure 3. At the time t 0 the sound wave creates areas of higher density, i.e. nodes (N) and areas of lower density, i.e. anti-nodes (A). Consequently, at the time t 1 the nodes and anti-nodes change according to the sound wave oscillation, given by the frequency of the sound wave and the speed of light varies accordingly; hence the optoacoustic effect.
The changes in the light speed are detected as a phase shift [24] . The intensity signal I (t) of the laser light can be described as
It depends on the modulation depth V and the phase shift θ. The intensity signal oscillates with the instant frequency
where f B represents the Bragg frequency and f the frequency shift. A fluctuation of the sound field results in a fluctuation of f , which can be directly obtained from f I (L, t) as measured by the photodetector. Thus, the photodetector has to be fast enough to capture high-frequency fluctuations.
In order to detect negative and positive frequency shifts and define a measurement range for f I (L, t) the laser light has to be modulated with a carrier frequency f B [32] . This can be achieved by using an acousto-optical modulator (AOM). The length of the measurement path L(t) can be defined as
where n(x, t) is the refractive index of the medium as a function of space and time. The Gladstone-Dale theorem [33] establishes the mathematical relation between density ρ of the medium and n(x, t), as
Equation (5) contains the medium-dependent Gladstone-Dale-constant G. From the equation
which contains the adiabatic constant κ, the refractive index for the non-disturbed medium n 0 and the atmospheric pressure p 0 , can be deduced that a variation of the sound pressureṗ results in a variation of the refractive indexṅ. This phenomenon is mathematically described from (5) and (6) aṡ
For small sound pressure variations, i.e. p(x, t) p 0 , (7) can be simplified tȯ
It describes that a sound pressure oscillationṗ manifests a proportional oscillation of the refractive indexṅ. The environmental constants are the atmospheric pressure p 0 , the refractive index for the non-disturbed medium n 0 and the adiabatic constant κ, whose change over time also further impact the optoacoustic behavior. They must be known in order to exactly measure the local sound pressure oscillations. Thus, equation (8) describes that a medium changes its optical characteristics due to a sonic disturbance and/or environmental changes. Using equations (3), (4) and (8) the linear relation
between the frequency shift f (x, t) and the sound pressure fluctuationṗ(x, t) along the optical path l can be obtained. Equation (9) represents a single integral value along the measurement path. Therefore a 2D tomographic reconstruction of the full sound pressure field using the inverse Radon transform has to be implemented.
A single integral value can be understood as a projection of the measurement object along the measurement path (i.e. scan line) in the direction of the optical axis, as described in figure 4 .
Let the constellation of projections be a vector R p (x , , t) in a transformed plane (x , y ) from a perspective given by the rotation angle . For each N · there is a different vector R p (x , , t) forming a matrix (i.e. sinogram) with N × x dimensions essentially assembling the Radon transform of the measurement object. The field p recons. can be reconstructed using the inverse Radon transform described as
The function h(x ) describes a filter function, which serves the purpose of achieving sharper images thus rendering p recons. as a filtered back projection [31] . For the practice of this method several boundary conditions have to be met in an experimental set-up. Since the interaction of sound and flow has to be tomographically scanned an optical access of at least 180 • has to be devised. Furthermore, the aeroacoustic interaction, as a measurement object, has to remain constant during the scan, i.e. the aeroacoustic field should be stationary and spatially enclosed.
IV. EXPERIMENTAL SET-UP
In order to investigate aeroacoustic phenomena optoacoustically, a custom measurement set-up has been constructed. This set-up consists of a transparent PMMA tube, a loudspeaker and an acoustic model. The tube acts as a sound-proof boundary layer for the sound field and provides the necessary scan aperture of 180 • [31] . The loudspeaker is mounted on one end and the acoustical model on the other, reminiscent of a Kundt's tube (as depicted in figure 5, left) . Different acoustic models where designed. Model A, a sound reflective model, model B a resonator model and model C a BFL model (as depicted in figure 5 , right). The reference model (model A) has a sound reflective surface with an embedded laboratory standard microphone (from the company G.R.A.S.). With this acoustical model, sound waves can be completely reflected due to the sound reflecting characteristics of the model's surface and then measured for the frequency range of interest [34] . The resonance model (model B) consists of a sound reflective surface with a single central perforation and a cavity behind it (i.e. a Helmholtzresonator). Using this model it is possible to investigate a single resonance process for the known resonance frequency of the model. The BFL-model (model C) consists of a perforated layer with a typical hole pattern used in turbine liners [35] , [36] . In order to create an aeroacoustic interaction the Bias-flow inlet can be guided into the BFL-model cavity through two air valves on each side of the acoustical model.
A stationary sound field can be easily disturbed by environmental changes and noise. Therefore, to counter unavoidable changes in the atmospheric pressure, temperature and air humidity, as well as the occurrence of random mechanical and acoustic distortions, the measurement duration has to be minimized and the measurement speed maximized. As previously described in chapter II-B, by using a high-speed camera a simultaneous acquisition of multiple measurement points can be realized. In this work 1600 scan lines per radial scan step were measured simultaneously. Based on the principles of tomographic reconstruction using the Radon transform (see chapter III), an aperture of 180 • was scanned using 1600 angular steps. This equals to an angular step size of 0.1125 • . This method reduces the measurement time by more than three orders of magnitude compared to 1D scan measurement techniques. Additionally, all environmental parameters, the temperature T , the atmospheric pressure p 0 , the air humidity h, as well as the amplitude of the loudspeaker input signal are tracked during an experiment in order to precisely correct the signal treatment algorithm accordingly.
For the final assembly, the measurement object (including the acoustic models) has been set up in the CLIV, as depicted schematically in the figure 6.
Based on the same idea introduced in figure 2 , the final CLIV set-up was assembled. The laser light with a wavelength of λ Laser = 532 nm is separated into two beams at the first beam splitter: the measurement beam (I) and reference beam (II). The measurement path proceeds therefore from the VOLUME 7, 2019 first to the second beam splitter. The measurement object has been placed within the measurement path. To create a light sheet for parallel scanning purposes, the measurement beam is expanded and focused using two lenses and then guided through the measurement object. From the loudspeaker inside the measurement object the acoustically induced phase shift θ, in relation to the reference beam, takes place due to the sound pressure fluctuationṗ. The reference beam is guided through a cascade of two acousto-optical modulators (AOM) in order to modulate the light frequency with a carrier frequency of f B = 15 kHz (see section III). This enables the full range of directional recognition [32] . Finally, both beams are combined at the second beam splitter and interfere with each other at the high-speed camera (Mikrotron, Type 3CXP).
It has a pixel size of 8 µm × 8 µm and is used as a line sensor with 1600 pixels and a sample rate of 50 kHz. Thus, based on the Nyquist-Shannon sampling theorem acoustic signals of up to 10 kHz can be measured with the CLIV measurement system. The data is captured with a computer (specifications: 16 core processor, 64 GB of RAM, a GPU with Pascal architecture and SSDs) and post-processed using MatLab.
V. RESULTS

A. VALIDATION MEASUREMENTS
The validation of CLIV has been conducted with a reference laboratory standard microphone (G.R.A.S., Type 40Bp) using the sound reflecting model (see figure 5 , model A). In order to experimentally estimate the measurement uncertainty of CLIV, specific measurement conditions with reproducible acoustical characteristics were set up. The measurements with CLIV took place 1 mm above the acoustic model's surface, as described in the functional layout (see figure 5 left), while the laboratory standard microphone was mounted inside of the model's cavity with the microphone diaphragm flush to the model's surface. To improve reproducibility, a λ/2-standing acoustic wave was set within the tube. The acoustic sinusoidal signal has a frequency of 600 Hz. This reference measurement was carried out under two assumptions: first, the microphone's directional response is mainly focused around the diaphragm for near field measurements at boundaries [17] and second, the standing wave within the tube is a near plane wave [34] . The validation experiment has been conducted for a measurement time of 8 s.
The sound field has been adjusted to an amplitude of 3.5 Pa. This value could be corroborated with laboratory standard microphone with a measurement uncertainty of 0.001 Pa [37] . Based on the above assumptions, the measured microphone value was compared to the mean value of the reconstructed sound field area directly above the diaphragm, which was measured with CLIV. The measurement result (depicted in figure 8 as a dotted red line) is the center crosssection of the Radon-reconstructed field. Both values are in good agreement with an absolute systematic deviation of Mic,CLIV = 0.07 Pa. For each scan line of the CLIV measurement the standard deviation has been estimated based on eight measurements of one second each. The mean value of the standard deviation amounts to σ CLIV = 0.16 Pa. This value can be interpreted as the noise floor of the measurement system, which represents the smallest detectable pressure. Small variations directly above the microphone's surface are noticeable, which are attributed to the semi-invasive characteristics from the microphone itself.
B. MEASUREMENT OF LOCAL SOUND PRESSURE PHENOMENA
In order to investigate local sound pressure variations the resonant model has been used (see figure 5, model B ). This acoustic model acts like a Helmholtz resonator with a resonance frequency of f r = 200 Hz. The experiment was conducted for the third harmonic frequency 3 · f r = 600 Hz and an sound pressure amplitude of 3.5 Pa. Similar to the validation experiments the local sound pressure has been measured 1 mm above the model's surface and for a measurement time of 8 s. This experimental set-up provides a stable acoustic field and due to the nature of the periodic acoustic signal, dynamic processes can be averaged out for the acquisition time. Using the inverse Radon transform the full 2D sound field has been reconstructed with a spatial resolution of 52 µm. The measurement results are depicted in figure 8 as a slice plot through the center of the 2D sound field.
The model's surface with the position of the center hole at ±4 mm is given by the bottom rectangles. For comparison, the validation measurements results have been plotted additionally in figure 8 . A global reduction of the acoustic energy by ca. 40 % was detected. This acoustic attenuation is expected from a Helmholtz resonator. Furthermore, the local behavior of the sound pressure field near the hole with a spatial frequency of 0.6 mm −1 was also detected. This behavior varies strongly compared with the validation measurement result with a maximum absolute deviation of A,B,max = 1.6 Pa at the center of the perforation.
The behavior of these oscillations near the perforation, for varying parameters such as the geometry of the hole opening, the natural resonance frequency of the resonance body, the sound pressure level, etc, is not yet fully understood.
C. MEASUREMENT OF LOCAL SOUND PRESSURE IN COMPLEX STRUCTURES WITH BIAS-FLOW
The aeroacoustic experiments were conducted using the BFL-model (see figure 5 , model C). This model has 53 perforations with a diameter of 2.5 mm distributed along the sound reflective surface in an offset pattern. A constant mass flow of 5 kg h −1 was guided through the valves achieving a homogeneous Bias-flow. For this experiment, an acoustic sinusoidal signal with the frequency of 1122 Hz was applied, where the aeroacoustic resonance for model C is expected [38] . The acoustic signal was set with a sound pressure of 20 Pa. The experiment results are depicted in figure 9 .
With this model, local variations of the sound pressure were detected with a spatial resolution of 52 µm. These variations take place near the perforations as observed from figure 8 . As a visual guide, the center of each perforation is marked with a cross. The sound pressure variations differ at different locations, which could be attributed to a potential crosstalk between local oscillations. Local sound pressure reduction can reach up to 2 Pa at a perforation. Furthermore, the global attenuation factor derived from the mean value of local sound pressure, amounts to α = 0.8. Because of the limited field of view during the measurements, the complete sound field could not be fully captured.
As a result tomographic aberrations in form of line artifacts and a slanted perforation pattern, distorted the reconstructed image [39] , [40] . The detection of local aeroacoustic effects introduces a first measurement of the local sound pressure in a BFL-model with a sub-mm spatial resolution, which establish the CLIV system as a method for the non-invasive, phase and spatially resolved investigation of aeroacoustic processes. Consequently, investigations for the optimization of liners are possible with this measurement technique.
VI. SUMMARY AND OUTLOOK
In this work the camera-based laser interferometric vibrometer (CLIV) measurement system has been introduced, as a fast method for non-invasive acoustical testing. Using the Radon transform it was possible to reconstruct a 2D sound field. Three models were investigated. Firstly, the sound reflective model was used as a reference model for the validation of the CLIV measurement system. An absolute systematic deviation of Mic,CLIV = 0.07 Pa between CLIV and a reference laboratory standard microphone has been detected. Furthermore, it has been established that CLIV can measure with an uncertainty of σ CLIV = 0.16 Pa, which represents the smallest pressure value detectable by the CLIV system. This value is affected by system properties such as, camera noise, quantization noise, laser noise and random environmental and acoustico-mechanical occurrences. Secondly, measurements of the local sound pressure fluctuation were performed using the resonance model. It was observed that in the near field of a perforation local sound pressure oscillations with a spatial frequency of 0.6 mm −1 are present. Lastly, the Bias-flow liner model with a constant mass flow inlet has been used for aeroacoustic investigations. Local sound pressure fluctuations have been detected near the perforations, considering signal treatment and set-up issues. These issues can be resolved by extending the field of view of the system, which could also lead to further implementations, for example the 3D sound field reconstruction using matrix cameras. With this method the measurement time can be dramatically reduced. With a wider field of view two or more measurement points in the third dimension can be correlated, in order to simultaneously calculate the flow velocity in a turbulent process. Additionally, a second high-speed camera can be added to the set-up for stereo measurements. With a stereo-CLIV the tomographic reconstruction could be improved and transient processes could be measured instantaneously without scanning. This could be of particular interest regarding seamless integration of CLIV system into industrial processes. Further investigations of the sound pressure field with relevant degrees of freedom, such as perforation patterns, hole geometry, acoustic signal frequency, sound pressure level, spatial resolution and mass air flow will be carried out in future experiments.
Finally, since the measurement principle of CLIV is based on the detection of variations in the refractive index of a medium, it has great potential for the investigation of other refractive phenomena, e.g. flame and temperature investigations for combustion diagnostics or chemical spray pyrolysis. 
